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Abstract 
Oxygenated derivatives of cholesterol and related compounds (oxysterols) have long been known to be cytotoxic to many different cell 
types. The mechanism of this cytotoxic effect is not fully understood. Our laboratory has earlier reported that oxysterol cytotoxicity 
resembles that of nonsteroidal ntiestrogens in some aspects: (i) the cytotoxic action of both types of compounds i  blocked by inhibitors 
of protein or RNA synthesis, and (ii) both classes of compounds bind with high affinity to the microsomal antiestrogen binding site, a 
protein which may mediate the cytotoxicity of its ligands. We have now extended these studies by developing cell lines which are 
resistant o the cytotoxic action of oxysterols. Oxysterol-resistant cells were isolated by exposing two murine lymphoma cell lines, K36 
and EL4, to incremental concentrations of 7-ketocholestanol. Intriguingly, the resistant cells thus obtained also exhibited considerable 
resistance to the cytotoxic effects of nonsteroidal antiestrogens such as tamoxifen and clomiphene, having LDso values which were 
10-100-times higher than that of the parental cells. The resistance appeared to be selective for oxysterols and antiestrogens and did not 
extend to non-specific toxic agents uch as azide, ethanol, Triton-X100, or heat. The biochemical basis of the resistance is not clear but is 
not due to diminished cellular uptake or increased metabolism of the cytotoxic agents or to changes in the antiestrogen binding protein. 
The availability of the resistant cell lines should facilitate further studies on the mechanism of oxysterol- and antiestrogen-induced cell 
death. 
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1. Introduction 
It has been known for some time that oxygenated 
derivatives of cholesterol or of similar sterols (oxysterols) 
are cytotoxic to many different cell types both in vitro and 
in vivo (reviewed in [1]). Oxysterols are widely distributed 
in nature. They may arise from the auto-oxidation of 
cholesterol, a process which occurs spontaneously on ex- 
posure to air in the presence of heat, light, or radiation [2]. 
Abbreviations: AEBS, antiestrogen-binding site; HMG-CoA, 3-hy- 
droxy-3-methylglutaryl coenzyme A; LDL, low-density lipoprotein; 
Oxysterol, oxygenated sterol; TCA, trichloroacetic acid.; Trivial names: 
7-ketocholestanol, 5a-cholestan-3/3-ol-7-one; 6-ketocholestanol, 5a- 
cholestan-3/3-ol-6-one; 7-ketocholesterol, 5-cholesten-3/3-ol-7-one; 25- 
hydroxycholesterol, 5-cholesten-3/3,25-diol; cholesterol; 5-cholesten-3/3- 
ol; tamoxifen, 1-[4-(2-dimethylaminoethoxy)phenyl]-l,2-diphenylbut- 
I(Z)ene; clomiphene, l-[4-(2-diethylaminoethoxy)phenyl]-l,2-diphenyl- 
2-chloroethylene. 
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Oxysterols are also formed enzymatically in vivo and have 
been identified in animal and human tissues [1-3] as well 
as in foodstuffs [4,5]. At present, the biological implica- 
tions of the cytotoxic effect of the ubiquitously distributed 
oxysterols are not fully understood. There is a substantial 
body of data implicating oxysterols in the pathogenesis of 
atherosclerosis [3,6-9], but it is not clear whether this 
association is related to their cytotoxic action. 
Nonsteroidal antiestrogens uch as tamoxifen and 
clomiphene have been used for many years in the treat- 
ment of breast cancer and in the induction of ovulation, 
respectively. They are believed to achieve their therapeutic 
effects, at least in part, by binding to the estrogen receptor, 
thus antagonising the effects of estrogens. The actions of 
these compounds, however, are likely to be more complex. 
For example, it has been reported that nonsteroidal antie- 
strogens are also effective against estrogen receptor-nega- 
tive breast cancers [10],suggesting that at least in these 
cases their action is not dependent on estrogen antagonism. 
Furthermore, nonsteroidal antiestrogens have also been 
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found to be cytotoxic, especially at higher concentrations, 
to cells which do not contain estrogen receptors [11]. The 
cellular basis of this estrogen receptor-independent cyto- 
toxic effect is not understood. 
Our laboratory has earlier eported studies howing that 
the cytotoxic action of both oxysterols [12] and nons- 
teroidal antiestrogens [13] can be blocked by inhibitors of 
protein or RNA synthesis. This observation suggests that 
these two classes of compounds may induce cell death via 
mechanisms which are sinfilar, at least in part. Now we 
have extended these studies by developing cell lines which 
are resistant o the cytotoxic effect of oxysterols and 
shown that these cells are resistant to nonsteroidal ntie- 
strogens as well, further suggesting that the pathways by 
which oxysterols and antiestrogens kill cells may overlap. 
72 h. After sterilization by filtration through a 0.2 /zm 
membrane, the lipoprotein-deficient serum was added to 
the culture medium in an amount adjusted to be equivalent 
to supplementation by 5% (v/v)  of the original newborn 
calf serum. Lipoprotein-deficient serum was used instead 
of newborn calf serum because lipoproteins were found to 
interfere with the assay for oxysterol cytotoxicity because 
oxysterols, when added to the medium, partitioned almost 
entirely into the lipoprotein fractions with very little up- 
take by the cells. Running stock cultures were propagated 
in 75 cm 2 flasks (Costar, USA) at 37°C in an atmosphere 
of 5% CO 2 in humidified air. Subcultures were carried out 
when cell densities reached 2.0-3.0 × 106 cells/ml. 
2.3. Cytotoxicity assays 
2. Materials and methods 
2.1. Materials 
[N-methyl-3H]tamoxifen (specific activity, 82 Ci or 
3.03 TBq/mmol) was obtained from Amersham and stored 
in ethanol at -20°C protected from light. Cholest[5,6- 
3H]an-3fl-ol-7-one (7-keto[3H]cholestanol) was custom 
prepared by Amersham (specific activity, 15 Ci/mmol or 
0.56 TBq/mmol). Before use, it was purified by thin-layer 
chromatography on silica gel (AL SIL G; Whatman) using 
sequentially the following three solvent systems : 
hexane/diethylether/acetic acid (70:30:1, v/v),  chloro- 
form/methanol (19:1, v /v)  and chloroform. Tamoxifen 
citrate, clomiphene citrate, and 25-hydroxycholesterol were 
obtained from Sigma (St. Louis, MO, USA). All other 
sterols were purchased from Steraloids (Wilton, NH, USA). 
Newborn calf serum was purchased from Waitaki (New 
Zealand), while cell culture media were obtained from 
Sigma. Other chemicals were of analytical grade and were 
obtained from conventional sources. 
2.2. Cell cultures 
The mouse lymphoma cell line EL4, and the AKR 
T-cell leukaemia line K36 were generously provided by 
Dr. K.M. Hui (Institute of Molecular and Cell Biology, 
National University of Singapore). The cells were propa- 
gated in RPMI-1640 medium supplemented with 5% (v/v)  
charcoal-stripped [14], lipoprotein-deficient newborn calf 
serum, which was prepared, with minor modifications, as 
described by Kirsten and Watson [15]. Briefly, after char- 
coal stripping [14], anhydrous potassium bromide was 
added to the newborn calf serum to a concentration f 32% 
(w/v). After centrifugation at258000 X g at 15°C for 24 
h, the lower (lipoprotein-depleted) fraction was removed 
by aspiration and extensively dialyzed against six changes 
of 100 volumes of 0.15 M sodium chloride solution over 
EL4 and K36 cells in the logarithmic phase of growth 
were harvested and plated onto 24-well or 96-well plates 
(Costar, USA) at an initial cell density of (0.5-1.0) X 10 6 
cells/ml except where otherwise stated. Cell viability of 
stock was routinely determined by trypan blue exclusion 
and only cultures with viabilities > 90% were used. In 
preliminary assays, varying concentrations of 7-keto- 
cholestanol or tamoxifen were added to determined the 
cytotoxic concentrations to use for subsequent studies. 
These compounds were initially dissolved in ethanol and 
the ethanolic solutions were added directly to the culture 
medium. The final ethanol concentration was usually 0.1% 
(v/v)  and never exceeded 0.5%. Control wells received 
only ethanol. At specified times after plating, aliquots of 
cell suspensions were removed for cell counting using an 
improved Nebauer hemocytometer while cell viabilities 
were simultaneously determined by means of Trypan blue 
exclusion. The viable cell count was calculated by multi- 
plying the total cell count by the fraction of viable cells. 
2.4. Induction of  resistance to oxysterol 
For the induction of oxysterol resistance, we used 7-ke- 
tocholestanol. This particular sterol, and not the more 
commonly used 25-hydroxycholesterol, waschosen mainly 
because of our laboratory's current interest in the possible 
role of the antiestrogen binding site (AEBS), a microsomal 
protein with high binding affinity for nonsteroidal ntie- 
strogens, in mediating the cytotoxicity of its ligands. Our 
earlier studies showed that 7-ketocholestanol, but not 25- 
hydroxycholesterol, bound to AEBS with extremely high 
affinity [16].In the induction of oxysterol resistance, K36 
and EL4 cells were initially cultured in the presence of 0.1 
/zM 7-ketocholestanol. Every 3-4 weeks, the concentra- 
tion of 7-ketocholestanol was increased in a step-wise 
fashion until a concentration of 5 /xM was eventually 
reached. Cells which could survive and proliferate in the 
presence of 5 /zM 7-ketocholestanol were harvested and 
stored in liquid nitrogen for further studies. 
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2.5. Scatchard analysis of antiestrogen binding sites 
The preparation of a 20000 X g supematant containing 
antiestrogen binding sites (AEBS) from the cultured cells 
and the subsequent Scatchard analysis carried out to mea- 
sure the binding affinity and binding capacity of these sites 
for [3H]tamoxifen were carried out as described previously 
[17]. 
2.6. Cellular uptake of 7-keto[ 3H]cholestanol 
Three approaches were employed to determine cellular 
accumulation of 7-keto[3H]cholestanol. Briefly, 1.5 X 10 6 
ml-~ cells were seeded into 24-well plates and labelled 
with 36 nCi or 1333 Bq (5 /~M) 7-keto[3H]cholestanol. 
After an appropriate incubation period, aliquots of cell 
suspensions were harvested for the determination of cellu- 
lar uptake by three different procedures: (a) filtration 
method: the cells were trapped on glass microfiber filters 
(Whatman GF/A)  and washed with 3 X 4 ml ice-cold 
phosphate-buffered saline. The filters were air-dried before 
being counted in glass scintillation vials each containing 4
ml of scintillation fluid. (b) Centrifugation method with 
washing: an aliquot of cell suspension was sedimented at 
1000 X g for 10 min. The cells were washed with 3 X 4 ml 
ice-cold phosphate-buffered saline. After centrifugation, 
the cell pellets were dissolved in 4 ml of scintillation fluid 
and counted. (c) 'Oil-stop' technique: an aliquot of cell 
suspension was placed in a 0.4 ml microfuge tube, contain- 
ing 100 /zl of oil (10% Fisher 0121 light paraffin oil and 
84% Dow-Corning 550 silicone fluid, with a final density 
of 1.04 g /ml )  layered over 30 /~1 of 15% trichloroacetic 
acid (TCA). Cells were layered on top of the oil drop and 
centrifuged into the TCA phase at 10 000 x g for 15 s. The 
microfuge tubes were then cut across the oil layer and the 
pellets were transferred into scintillation fluid by vigorous 
shaking before the radioactivity was counted. Details of 
the technique followed that of Lee et al. [18]. Parallel wells 
without radioisotope were set up for cell counts and pro- 
tein determination. Cellular accumulation of 7- 
keto[3H]cholestanol was expressed in fmol/cell. 
2.7. Cellular metabolism of 7-ketocholestanol 
K36, EL4 and their resistant counterparts were incu- 
bated at an initial cell density of approx. 1.0 • 10  6 celis/ml 
in the presence of 7-keto[3H]cholestanol (36 nCi/ml). 
After 24 h, aliquots of cell suspensions were taken, washed 
twice with phosphate-buffered saline, homogenized, and 
extracted with diethyl ether. The ether extract was dried 
under nitrogen, redissolved in a small volume of chloro- 
form and subject to thin-layer chromatography on a silica 
gel plate (Whatman AL SIL G) with the solvent system 
hexane/diethyl ether/acetic acid (70:30:1, v /v /v ) .  The 
distribution of radioactivity was determined by scraping 
the silica gel from 1 cm segments of the chromatogram for 
counting in a scintillation counter. The position of authen- 
tic 7-ketocholestanol f llowing thin-layer chromatography 
was determined by spraying the chromatogram with 5% 
(v /v)  sulfuric acid and heating to 180°C for 10 rain. 
2.8. Other procedures 
Protein concentrations were determined by the method 
of Lowry et al. using bovine serum albumin as standard 
[19]. For statistical analysis, unpaired Student's t-test was 
employed. Other procedures were carried out as described 
in the appropriate figure and table legends. 
3. Results 
The establishment of cell lines which are resistant to the 
action of 7-ketocholestanol took several months. K36 or 
EL4 cells were exposed to progressively higher concentra- 
tions of 7-ketocholestanol. Typically, 80-90% of the cells 
died within 1-2 days when first exposed to the next higher 
concentration. The surviving cells soon resumed prolifera- 
tion. This selection process was continued and cells which 
survived and grew in the presence of 5 /xM 7-keto- 
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Fig. I. Effect of varying concentrations of 7-ketocholestanol on the 
viability of K36 and K36R cells. Cell cultures were set up as described in
Section 2. The initial cell density was 0.5. l0  6 cells/ml. After 48 h of 
culture in the presence of varying concentrations of 7-ketocholestanol, 
viable cell count (upper panel) and percent cell viability (lower panel) 
were determined for K36 (O) and K36/R (O) cells. The data represent 
the mean_S.D, of triplicate determinations. Error bars could not be 
shown where the S.D. was smaller than the size of the symbols. 
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Fig. 2. Ef fect  of  7-ketocholestanol  on the viable cell count o f  K36  and 
K36/R  cultures as a funct ion o f  t ime. Cultures were set up as descr ibed 
in Section 2 in the absence (upper panel) or presence (lower panel) of 10 
/xM 7-ketocholestanol. Viable cell count of K36 (O) and K36/R (O) 
cultures were determined bytrypan blue exclusion at the specified times. 
The data represent the mean + S.D. of triplicate determinations. Error bars 
could not be shown where the S.D. was smaller than the size of the 
symbols. 
cholestanol were eventually obtained. These resistant cells 
were labelled K36/R  and EL4/R  to distinguish them 
from the parental K36 and EL4 cell lines, respectively. 
Fig. 1 compares the viable cell count (upper panel) and 
percent viability (lower panel) of the parental K36 cells 
with that of the resistant daughter cell line K36/R  after 48 
hours of culture in the presence of varying concentrations 
of 7-ketocholestanol. It is clear that the K36 cells were 
much more sensitive to the cytotoxic action of 7-keto- 
cholestanol; almost all cells died after 48 hours in the 
presence of i -2  /zM 7-ketocholestanol. By contrast, al- 
most all the K36/R  cells survived even in the presence of 
40 /xM 7-ketocholestanol, the highest concentration tested. 
The LDs0 values differed by at least two orders of magni- 
tude between the sensitive and resistant cell lines. Qualita- 
tively similar results were obtained when EL4 cells were 
compared with EL4 /R  cells; here the LDs0 value for the 
resistant EL4 /R  cells was only about 10 times higher than 
that of the parental EL4 cells (results not shown). 
Fig. 2 shows the changes in total viable cell count of 
cultures of K36 and K36/R  cells as a function of time in 
the absence or presence of 10 txM 7-ketocholestanol. In 
the absence of 7-ketocholestanol, both the K36 cells and 
the K36/R  cells grew at comparable rates (upper panel). 
In the presence of 7-ketocholestanol, however, there was a 
marked difference in cell survival: almost all the parental 
K36 cells were killed in 24-48 hours, whereas the K36/R  
cells continued to proliferate (lower panel). 
To determine whether the resistance of EL4 /R  and 
K36/R  cells against the cytotoxic effect of 7-keto- 
cholestanol was stable, we propagated these cells for a 
month (over approx. 30 cell cycles) in the absence of 
7-ketocholestanol and then compared their ability to sur- 
vive the cytotoxic action of 7-ketocholestanoi with that of 
cells which had been maintained continuously in the pres- 
ence of 5 tzM 7-ketocholestanol. As shown in Fig. 3, 
EL4 /R  and K36/R  cells which had been cultured in the 
absence of 7-ketocholestanol f r a month were as resistant 
to this compound as cells which had been propagated in 
the continuous presence of 7-ketocholestanoi. This obser- 
vation suggests that the development of resistance is asso- 
ciated with cellular changes which remain stable over at 
least one month in the absence of continued selection 
pressure. 
The EL4 /R  and K36/R  cells, selected on the basis of 
their resistance against one oxysterol (7-ketocholestanol), 
also showed resistance to the cytotoxic effects of other 
oxysterols. As shown in Table l,the concentrations of 
several other oxysterols needed to kill 50% of the resistant 
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Fig. 3. Stability of resistance against oxysterol. Cultures of EL4/R 
(upper panel) and K36/R cells (lower panel) were set up as described in
Section 2 in the presence of varying concentration f 7-ketocholestanol 
and cell viability was determined by Trypan blue exclusion after 48 h. 
Closed symbols represent data obtained from cultures using cells which 
bad been propagated in the continuous presence of 5 /zM 7-keto- 
cholestanol while open symbols represent results of culture using cells 
which bad been cultured for 30 days in the absence of 7-ketocholestanol 
immediately before being used in this experiment. Each point represent 
the mean -t- S.D. of triplicate determinations. 
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Table 1 
Sensitivity of EL4, EL4/R, K36, and K36/R cells to various oxysterols 
Oxysterol LDs0 (p.M) 
EL4 EL4/R K36 K36/R 
7-Ketocholestanol 0.45 4.3 0.37 70.0 
6-Ketocholestanol 0.75 3.5 0.53 7.6 
25-Hydroxycholesterol 0.18 0.73 0.09 3.5 
7-Ketocholesterol 12.0 80.0 ND a ND a 
Cell cultures were set up as described in Section 2 in the presence of 
varying concentrations of oxysterols. The sensitivities of the different cell 
lines to the oxysterols are expressed as LDs0 values, defined as the 
concentration of oxysterol needed to kill 50% of the cells in 48 h. 
a ND, not determined. 
cells in 48 h (LDs0) are considerably higher than that 
needed to kill 50% of the sensitive parental cells.For 
example, the LDs0 values of 6-ketocholestanol and 25-hy- 
droxycholesterol were 14- and 40-times greater, respec- 
tively, for K36/R cells than for K36 cells. These observa- 
tions indicate that the resistance shown by EL4/R and 
K36/R cells is not restricted only to 7-ketocholestanol, the 
oxysterol used for the selection of resistant cells, but 
extends to similar compounds. This finding suggests that 
various oxysterols may share a similar mechanism of 
cytotoxic action and that the resistance developed against 
one oxysterol also applies to other oxysterols. 
To further explore the specificity of the resistance 
against oxysterol cytotoxicity, we compared the suscepti- 
bility of EL4/R and K36/R to the killing effect of a 
number of non-specific injurious agents with that of their 
parental cell lines. The cells were exposed to varying 
concentrations of ethanol, hydrogen peroxide, Triton X- 
100, sodium azide, as well as to heat. As shown in Table 
2, there is very little difference between the resistant cells 
and their sensitive counterparts with respect o the cell 
killing effect of these non-specific agents. One possible 
exception was hydrogen peroxide where it was observed 
that K36 cells were more sensitive to the cytotoxic effect 
Table 2 
Sensitivity of EL4, EL4/R, K36, and K36/R cells to various cytotoxic 
agents 
Toxic agent EL4 EL4/R K36 K36/R 
Ethanol (%) 2.0 1.5 3.7 1.6 
H~O 2 (/zM) 24 24 54 190 
Triton X-100 (ppm b) 80 80 20 20 
Sodium azide (mM) 2.9 1.7 6.3 8.8 
Heat (min) 180 150 ND " ND a 
Cell cultures were set up as described in Section 2 with an initial cell 
density of 0.5.106 cells/ml. Varying concentrations of cytotoxic sub- 
stances were added to the cell cultures. In the case of heat treatment, cell 
cultures were incubated at a temperature of 45°C for varying periods of 
time. For each of the chemicals added, the numbers represent he 
concentration f the chemical needed to kill 50% of the cells in 48 h. For 
cultures incubated at 45°C, the values indicate the time in minutes needed 
to kill 50% of the cells after exposure to the high temperature. 
a ND, not determined; bppm, parts per million. 
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Fig. 4. Sensitivity of EL4, EL4/R, K36, and K36/R cells to the 
cytotoxic effect of tamoxifen. Cell cultures were set up as described in 
Section 2 in the presence of varying concentrations of tamoxifen. Cul- 
tures of EL4 (O) and EL4/R (0 )  cells had an initial cell density of 
0.25. 106/ml and were incubated for 72 h before cell viabilities were 
determined by trypan blue exclusion (upper panel). Cultures of K36 ([])  
and K36/R (11) cells had initial cell densities of 0.5. 106/ml and were 
incubated for 48 h before viabilities were determined (lower panel). The 
results represent mean _+ S.D. of triplicate measurements. Error bars could 
not be shown at points where the standard eviation was smaller than the 
size of the symbols. 
of this agent than K36/R cells, the LDs0 differing by a 
factor of 3.5. In general, however, it is appears that cells 
made resistant to oxysterols retain their sensitivity to other 
injurious agents and that resistance against oxysterol cyto- 
toxicity does not represent a resistance against cell death in 
general. 
Our laboratory had earlier reported some similarities 
between the cytotoxic action of oxysterols and that of 
nonsteroidal ntiestrogens in that both can be blocked by 
inhibitors of protein or RNA synthesis [12,13]. Further, we 
have also shown that both oxysterols and nonsteroidal 
antiestrogens bind with high affinity to a microsomal 
protein called the antiestrogen binding site (AEBS) [17]. 
Although the significance of these observations i  unclear 
at present, it does raise the possibility that, perhaps, oxys- 
terols and antiestrogens may share similar cytotoxic mech- 
anisms. If this were the case, one would expect hat cells 
which are resistant o oxysterol cytotoxicity may also 
exhibit resistance to antiestrogens. This was indeed the 
case. As shown in Fig. 4, tamoxifen killed the oxysterol- 
sensitive parental cell lines EL4 and K36 much more 
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Table 3 
Cellular uptake of 7-keto[SH]cholestanol by EL4, EL4/R, K36, and 
K36/R cells 
Cell line Cellular uptake of 7-keto[ 3 H]cholesterol (fmol/cell) 
filtration centrifugation 'oil-stop' 
EL4 0.90_+ 0.09 0.81-4- 0.03 0.77 _+ 0.02 
EL4/R 1.03 + 0.04 0.86 + 0.01 0.73 + 0.03 
K36 1.11+0.03 * 0.75+0.02 0.75+0.04 
K36/R 1.24_+0.01 * 0.81 _+0.03 0.75 _+0.03 
Uptake studies were carried out up as described in Section 2. Incubation 
was terminated after 12 h and cellular uptake of radioactivity was 
determined using three different echniques. The data represent mean + 
S.D. of triplicate determinations. 
* P < 0.05, comparing K36 with K36/R using the filtration technique. 
All other comparisons between resistant and parental cell lines showed no 
significant difference in uptake. 
Table 4 
Distribution of radioactivity following separation by thin-layer chro- 
matography of extracts of EL4, E14/R, K36, and K36/R cells following 
incubation with 7-keto[3H]cholestanol 
Cell line Percent of total radioactivity P * 
Peak 1 (Rf 0.06) Peak 2 (Rf 0.63) 
EL4 49 _+ 5.8 49 _+ 5.9 
EL4/R 81-t-1.2 18_+1.6 
K36 55 + 5.9 44 _+ 5.5 
K36/R 97 + 1.8 3 + 1.6 
< 0.001 
< 0.001 
Cultures were set up as described in Section 2. After 24 h, incubation was 
terminated and diethyl ether extracts of cells were analysed by thin-layer 
chromatography. The data represent the mean + S.D. of three separate 
experiments. 
* Comparing resistant cells with their sensitive counterparts. 
readily than the oxysterol-resistant EL4/R and K36/R 
cells. Indeed, the LDs0 values differed by about an order of 
magnitude between EL4 and EL4/R cells (upper panel) 
and by nearly two orders of magnitude between K36 and 
K36/R cells (lower panel). Similar results were obtained 
in studies using clomiphene as the cytotoxic agent (results 
not shown). It is clear therefore that cells selected for their 
resistance against oxysterols are also resistant o nons- 
teroidal antiestrogens. 
We next explored some possible mechanisms for the 
oxysterol/antiestrogen r sistance shown by EL4/R and 
K36/R cells. First, it is possible that resistance could be 
due to reduced cellular uptake of the cytotoxic agent. 
Using tritiated 7-ketocholestanoi, wecompared the cellular 
uptake of these substances by EL4 and K36 cells with their 
resistant counterparts. As shown in Table 3, there was no 
reduction in the rate of upt~ake of 7-keto[3H]cholestanol i  
the resistant cell lines. Thi~; observation makes it unlikely 
that the resistance against ile cytotoxic effect of oxysterols 
is due to reduced cellular uptake of the cytotoxic sterols. 
Second, we examined the possibility that the resistance 
could be due to a greater degree of metabolism of oxys- 
terol in the resistant cell lines compared to the sensitive 
parental cell lines. Following a 24 hour incubation period 
in the presence of 7-keto[3H]cholestanol, two major peaks 
of radioactivity could be observed when an ether extract of 
the cells was fractionated on thin-layer chromatography. 
One (peak 1) had an Rf value of 0.06 and was found to be 
7-ketocholestanol itself. Tile other (peak 2), with an Rf 
value of 0.63, presumably represented a metabolite of 
7-ketocholestanol. As shown in Table 4, for both EL4 cells 
and K36 cells, approximately half of the total cellular 
radioactivity was found in peak 2 after 24 h of incubation, 
indicating that these cells converted approximately 50% of 
the total intracellular 7-kel:ocholestanol into at least one 
major metabolite under the conditions of the experiment. 
In sharp contrast, the resistant EL4/R and K36/R cells 
appeared to be far less efficient in converting 7-keto- 
cholestanol into peak 2 material compared to their sensi- 
tive parental cells. At the end of 24 h, peak 2 made up 
only 18% and 3% of the total radioactivity in cultures of 
EL4/R and K36/R cells, respectively. The difference 
observed between the sensitive parental cell lines and their 
resistant counterparts in the generation of peak 2 material 
was statistically highly significant for both pairs of cell 
lines (P  < 0.001). 
Thirdly, because both oxysterols and antiestrogens bind 
the microsomal antiestrogen binding site (AEBS) with 
high affinity [17],and because it has been suggested that 
the AEBS may mediate some of the biological actions of 
these compounds, including cytotoxicity [16],we consid- 
ered the possibility that the resistance against oxysterols 
and antiestrogens could be due to a reduction in the 
binding affinity or capacity of the AEBS. Using 
[3H]tamoxifen as the ligand and a 20000 × g supernatant 
as a source of AEBS [17], Scatchard analysis was carried 
out to compare the binding affinity and binding capacity of 
AEBS in the four cell lines. As shown in Table 5, there 
was no significant difference between K36 and K36/R 
cells with respect to either AEBS binding affinity or 
binding capacity, making it unlikely that an alteration in 
AEBS is responsible for the development of oxysterol or 
antiestrogen resistance. In the case of EL4 and EL4/R 
Table 5 
The binding affinities and capacities of AEBS in 20000 × g supernatants 
prepared from EL4, EL4/R, K36, and K36/R cells 
Cell line K d (nM) nma x
(fmol/mg prot.) 
EL4 4.1 +4.4 1330+700 *
EL4/R 6.5 + 4.4 2540 + 940 * 
K36 5.1 4- 1.2 3670 5:370 
K36/R 9.3_+2.5 2210-t-310 
The results were obtained from Scatchard analysis and represent the 
mean ___ S.D. of three to eight experiments for each cell line. 
* P < 0.05, comparing the Bma x of EL4 cells with that of EL4/R cells. 
Other comparisons between sensitive and resistant cells revealed no 
significant difference. 
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cells, there was also no difference in the binding affinity of 
the AEBS between the two cell lines, but the binding 
capacity was moderately higher in EL4/R cells than in 
EL4 cells. 
4. Discussion 
The studies reported here describe the development and 
characterization f cell lines which are resistant o the 
cytotoxic effects of oxygenated sterois. By exposing K36 
and EL4 cells to incremental concentrations of one oxys- 
terol, 7-ketocholestanol, it proved possible to select for 
cells which are resistant o the cytotoxic effect of oxys- 
terols. The resistant daughter cell lines have LDs0 values 
for 7-ketocholestanol which were up to 100-times greater 
than that of the sensitive parental cell lines (Fig. 1 and 
Table 1). 
The resistance shown was not restricted to 7-keto- 
cholestanol, the oxysterol used to select for the resistant 
ceils, but extended to a number of other oxysterols as well 
(Table 1).The resistance against induced cell death, how- 
ever, did not extend to several non-specific ytotoxic 
agents, including ethanol, heat, azide, and the detergent 
Triton X-100. To these other cytotoxic agents, with the 
possible exception of hydrogen peroxide, the parental cell 
lines and the daughter cell lines exhibited similar degrees 
of sensitivity (Table 2). The induced resistance against cell 
death thus appears to have some degree of specificity, 
related to the agent used initially to generate the resistant 
cell lines. 
Whether this resistance against oxysterols resulted from 
cellular changes induced specifically by 7-ketocholestanol 
is not clear; it could also reflect the inherent or genetic 
properties of a subset of cells which preferentially survived 
during the selection process. In either case, the resulting 
resistant daughter cell lines, K36/R and EL4/R, appear to 
possess cellular mechanisms which allow them to survive 
and to proliferate in the presence of oxysterol concentra- 
tions which ordinarily would induce cell death in 24-48 h. 
Furthermore, these studies showed that, whatever the 
mechanisms of resistance might be, they are likely to be 
stable since the resistance remained in the daughter cell 
lines over some thirty cell generations after 7-keto- 
cholestanol was removed from the culture media (Fig. 3), 
indicating the transmission of the resistance phenotype 
through many generations of cells in the absence of selec- 
tion pressure. 
The mechanism of resistance against he cytotoxic ef- 
fects of oxysterols i not fully understood. Several investi- 
gators, using 25-hydroxycholesterol to select for resistant 
cells, provided evidence suggesting a variety of possible 
mechanisms for resistance against he biological effects of 
oxysterols. The proposed mechanisms include : deficiency 
in oxysterol binding protein [20], abnormal regulation of 
cellular nucleic acid binding protein [21], deficiency of 
acyl-coenzyme A:cholesterol acyltransferase [22], and the 
formation of a truncated form of the sterol-regulatory 
element binding protein, SREBP-2 [23].The mechanism of 
oxysterol resistance is likely to be complex and may vary 
from one system to another. Indeed, this complexity is 
probably partly due to our incomplete understanding of
how oxysterols kill cells. In this regard, one popular theory 
is that, by inhibiting the activity of the enzyme 3-hydroxy- 
3-methylglutaryl coenzyme A (HMG-CoA) reductase and 
hence cholesterol biosynthesis, oxysterols cause cellular 
cholesterol depletion which, in turn, leads to cell death in 
some as yet undefined manner [24]. This proposal is 
supported by studies demonstrating that the antiprolifera- 
tive and cytotoxic effects of oxysterols can often be abro- 
gated by adding cholesterol or lipoproteins to the culture 
medium [25,26].This 'rescue' by cholesterol, however, is 
not always seen [27], and some studies failed to show a 
correlation between the ability of oxysterols to inhibit 
HMG-CoA reductase activity and their cytotoxic potency 
[28], indicating that suppression of cholesterol synthesis 
cannot be the whole explanation for the cytotoxic effect of 
oxysterols. A direct effect of oxysterols on cell membrane 
structure and function has also been proposed [29]. More 
recently, oxysterols have been shown to induce apoptosis 
or programmed cell death [30,31], a form of cell death 
which often involves the activation of specific genes [32]. 
The studies reported here examined the cytotoxic action 
of oxysterols from a different aspect. As indicated earlier, 
our laboratory has previously reported some similarities 
between the oxysterols and the non-steroidal ntiestrogens 
with respect to their cytotoxic action. Both classes of 
compounds appear to induce cell death via processes re- 
quiring protein synthesis, since inhibitors of protein or 
RNA synthesis could block their cytotoxic effects [12,13]. 
Furthermore, ven though these two groups of compounds 
are structurally very different, members of both groups 
bind with high affinity to the microsomal antiestrogen 
binding site (AEBS) [17]. For these reasons, we thought it 
worthwhile to determine whether the daughter cell lines 
K36/R and EL4/R, which are resistant o the cytotoxic 
action of oxysterols, also showed resistance against the 
non-steroidal antiestrogens. Fig. 4 clearly indicates that, 
indeed, both EL4/R and K36/R cells were considerably 
more resistant o the cytotoxic effects of tamoxifen than 
their respective parental cell lines. The LDso values of 
daughter and parental cell lines differed by about tenfold 
for the EL4 cell lines and by about a hundredfold for the 
K36 cell lines. 
Currently we do not know the cellular basis of the 
resistance against he cytotoxicity of oxysterols and antie- 
strogens. The studies reported here indicate that the resis- 
tance is not likely to be due reduced cellular uptake of the 
cytotoxic agents (Table 3). We have also examined the 
possibility that the resistance may be due to a greater 
degree of metabolism of oxysterols by the resistant cell 
lines compared to their sensitive parental cells. The results 
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shown in Table 4 do not support his. Rather surprisingly, 
the reverse seemed to be trne. For both pairs of cell lines, 
resistance to oxysterol cytotoxicity appeared to be associ- 
ated with a poorer conversion of 7-ketocholestanol t  peak 
2 material. One interpretation of this observation is that 
7-ketocholestanol itself might not be directly toxic to cells; 
rather, its cytotoxic effect may depend on its being con- 
verted to peak 2 material. Reduced sensitivity to the 
cytotoxic effect of 7-ketocholestanol would then be a 
direct consequence of reduced production of peak 2 mate- 
rial. This intriguing possibility, as well as the nature of the 
peak 2 metabolite, clearly deserves further study. 
We have also considered a possible role for the AEBS. 
This ubiquitously distributed microsomal protein, whose 
physiologic function is u~.known, may possibly, as sug- 
gested by some investigators, mediate the cytotoxic action 
of oxysterols, antiestrogens, as well as other compounds 
which bind to it, because in many instances a reasonable 
correlation exists between the cytotoxic potencies of the 
AEBS ligands and their binding affinities for the AEBS 
[16,33-36]. We examined the possibility that the develop- 
ment of resistance against oxysterols/antiestrogens could 
be due to reductions in the binding affinity or binding 
capacity of the AEBS for these compounds. The data in 
Table 5 would indicate tha~: this is not likely to be the case 
since the AEBS of the resistant daughter cell lines did not 
show reduced binding affinity or binding capacity for 
[3H]tamoxifen when compared to their respective parental 
cell lines. 
The cross-resistance b tween oxysterols and antiestro- 
gens shown by the K36/R and EL4/R cells deserves 
further comment. First, the existence of the cross-resis- 
tance suggests the possibility that these two classes of 
compounds induce cell death via pathways which overlap, 
at least in part, and that the development of resistance 
involves alterations in a part of the cell death pathway 
which is common to both. 
Secondly, the cross-resistance b tween oxysterol cyto- 
toxicity and antiestrogen cytotoxicity is of interest from 
another, more speculative, view point. It is currently be- 
lieved by some investigators that the oxidation of low-den- 
sity lipoprotein (LDL) particles may play a critical role in 
the pathogenesis of atherosclerosis [6]. Although the pre- 
cise chemical alterations responsible for the pathogenicity 
of the oxidized LDL particle remains to be clarified, one 
possibility is the formation of oxysterols from the choles- 
terol within the LDL particle. It could be hypothesized that 
the oxysterols, being highly cytotoxic, would then damage 
arterial endothelium and thereby initiate the process of 
atherosclerosis. If conditions existed to render the endothe- 
lial cells relatively resistant to the action of oxysterols, the 
risk of atherosclerosis cou~ld be reduced. In this connec- 
tion, it is of interest o note that patients taking tamoxifen 
as adjuvant herapy for breast cancer appear to have a 
reduced incidence of fatal myocardial infarctions [37,38]. 
Although this beneficial effect is generally attributed to the 
agonist (estrogenic) effect of tamoxifen on plasma lipid 
levels [39-42], it is possible that tamoxifen, by inducing 
resistance against he cytotoxic effects of oxysterols, could 
also provide some degree of protection against athero- 
sclerosis by this alternative mechanism. More generally, if
a pathogenetic role of oxysterols in atherosclerosis  
established, any agent which induces resistance to the 
cytotoxic action of oxysterols may possibly provide some 
protection against he development of this very common 
condition. 
The potential pathological importance of oxysterols in 
atherosclerosis, and the known therapeutic utility of antie- 
strogens in breast cancer, suggest that studies on the 
mechanisms of cytotoxicity of these compounds and the 
cellular basis of resistance against them should be of 
considerable interest. The availability of cell lines which 
are resistant to the cytotoxic actions of these compounds, 
and of parental cell lines which remain sensitive to them, 
should facilitate studies in this direction. Experiments such 
as subtractive hybridization and differential screening of 
gene data libraries, for example, could be carried out in an 
attempt to identify the genetic contributions to cell death 
and resistance against its induction by these compounds. 
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